INTRODuCTION
While the bulk of dental caries microbiology in the last century was focused on the pathogen Streptococcus mutans, the view of the etiology of caries has changed over the last 10 years. In particular, it is now widely accepted that S. mutans can be absent from caries lesions and that the microbial populations associated with caries display greater "aciduricity", or ability to tolerate low pH, than populations from healthy sites (van Houte et al., 1994; van Ruyven et al., 2000; Brailsford et al., 2001; Marchant et al., 2001; Fejerskov, 2004; Beighton, 2005; Corby et al., 2005) . These advances have ramifications for the development of anti-caries strategies, the former suggesting that therapies directed at S. mutans alone may not be sufficient to control caries, and the latter highlighting a general characteristic of caries pathogens that could provide promising targets for novel caries control methods.
BIOfILMS, The eNvIRONMeNT AND eCOLOgICAL SuCCeSSION
Biofilm formation by bacteria can be viewed as a developmental process (Fig. 1) . A single cell or small cluster of cells initially colonizes a surface. If the local environment provides the necessary nutrients and environmental conditions are favorable, the cells can begin to divide. As cell division occurs and new species are recruited to the growing biofilms, the populations themselves alter the microenvironment in ways that support additional community diversity. Increases in species diversity enhance the range of substrates that can be utilized by the developing degradative community.
Importantly, if biofilms are to undergo proper maturation, it is essential that the organisms respond at the genetic and physiologic levels to the changes in the environment brought on by mass transport (diffusion) limitation and the increase in the spectrum of substrates and end-products. Once formed, the complex populations on oral surfaces are fairly stable and, in most cases, compatible with health. However, the environment to which oral biofilms are exposed influences the growth characteristics and behavior of figure 1. Schematic representation of biofilm formation. Pioneer species (early colonizers) adhere to the pellicle-coated substratum and begin to divide and condition the surface (I & II). New organisms are recruited to the surface through co-adhesion and exposure of new binding sites, and polymers can be produced by the organisms or deposited from the planktonic phase (III). A mature biofilm with high community diversity becomes established (Iv) and is maintained through metabolic cooperation and a balance of antagonistic and cooperative interactions of the individual organisms with the community and environment.
the organisms (Burne, 1998; Lemos et al., 2005) . Certain environmental influences promote changes in the biofilms that favor development of cariogenic dental plaque, whereas other environmental conditions favor the stabilization of a flora that is compatible with health. We know that the sensing pathways that bacteria utilize to integrate environmental signals play major roles in biofilm formation and virulence expression.
Historically, anti-caries strategies have focused on biofilm removal or targeting of specific virulence attributes of S. mutans, e.g., adhesins. However, in light of what has been learned about biofilm formation and caries in recent years, a reasonable approach for the development of anti-caries therapies could be to focus on those signaling pathways that allow bacteria to respond appropriately to environmental input. In the case of dental caries, those factors are pH, the amount and type of carbohydrate, and oxygen . Therapies directed at adaptive strategies for coping with these environmental fluctuations could prevent the development of cariogenic biofilms and foster stabilization of healthy plaque communities, and thus be broadly effective at preventing dental caries, regardless of the etiologic agents.
ACID TOLeRANCe
The pH of supragingival dental plaque may be the most important factor influencing plaque ecology and the development of caries. In fact, the most consistently reported chemical difference in biofilms in caries vs. health is that resting plaque pH is lower, and the depth and duration of acidification following carbohydrate intake are substantially greater, in caries-active sites. Given the importance of acid production in the pathogenesis of caries, it is not surprising that aciduricity is a major characteristic of organisms associated with caries. Aciduricity is a complex phenotype that manifests as an enhanced capacity to grow and to produce acids at pH values that are considered extreme in dental plaque, which, in terms of caries, translates to a greater depth and duration of acidification of dental biofilms. Sustained exposure of oral biofilms to low pH during caries development selects for organisms that gain a competitive advantage by virtue of their aciduricity (Marsh, 2000 (Marsh, , 2003 . Eventually, these organisms accumulate in proportions that are sufficient to cause detectable damage to tooth enamel.
For some time, it has been known that the inherent resistance of S. mutans to low pH is considerably greater than that of dental plaque bacteria that are not generally associated with caries, such as Streptococcus sanguinis. Early work by Marquis and co-workers associated the elevated aciduricity of S. mutans with the F 1 F O H + -translocating ATPase enzyme (Bender et al., 1986; Bender and Marquis, 1987) . The F-ATPase of oral streptococci is the primary engine for the extrusion of protons, which maintains the cytoplasmic pH in a range where metabolic enzymes and transporters can function. S. mutans has been shown to display higher levels of activity of the ATPase enzyme, and the enzyme functioned at lower pH values compared with the lessaciduric species associated with dental health (Bender et al., 1986) .
In addition to constitutional acid resistance, many bacteria, including S. mutans, are able to mount an adaptive acid tolerance response (ATR) . The existence of an ATR can be revealed experimentally by showing that cells become far more resistant to killing at a lethal pH (e.g., 3) and have a greater capacity to produce acid at low pH, after exposure to a sublethal acidic pH (e.g., 5.5) than do cells that were maintained at neutral pH (Belli and Marquis, 1991) . Extrapolation of this experimental system to life in dental plaque would suggest that repeated exposure of S. mutans to low pH in vivo could actually alter the phenotype of the organisms in a way that would enhance its cariogenicity.
Genomic science has helped to advance our understanding of the molecular basis for acid resistance and the adaptive ATR in S. mutans, revealing an array of genetic determinants that affect the ability of the organisms to cope with low pH. Proteomics has shown that the synthesis of a large number of proteins is altered when cells sense low pH for short periods of time (acid shock), or when they become adapted to growth at low pH (Svensäter et al., 2000; Len et al., 2003 Len et al., , 2004 . Gene products ranging from molecular chaperones (Jayaraman et al., 1997) , to global regulatory proteins, to products governing transport, to surface proteins and autolytic enzymes, all affect the manifestation of aciduricity in vitro . Quorum-sensing of peptides involved in the development of genetic competence, which is the ability to take up exogenous DNA, and the universal bacterial communication molecule produced by the LuxS enzyme, autoinducer-2 (AI-2), also have an impact on acid resistance by S. mutans (Li et al., 2001; Wen and Burne, 2004) . Interestingly, the underlying mechanisms of acid adaptation by mutans streptococci are not universally conserved. Even the close relative of S. mutans, Streptococcus sobrinus, uses a different strategy to adapt to growth at low pH. Rather than upregulating the expression of the ATPase enzyme, like S. mutans, mounting of an ATR by S. sobrinus involves up-regulation of the glucose phosphoenolpyruvate:sugar phosphotransferase system (PTS) (Nascimento et al., 2004) , which presumably allows the cells to generate more ATP to move more protons out of the cells. Analysis of these data, collectively, indicates that the regulation of acid resistance and adaptation are control points governing the growth and persistence of cariogenic organisms. Thus, short-circuiting the underlying mechanisms controlling the ability to sense and regulate bacterial growth and metabolism at low pH may be an approach that is more widely effective at controlling caries than targeting of specific enzymatic activities. In fact, such approaches have been used already to target the quorum-sensing competence peptide system of S. mutans (Eckert et al., 2006) .
MANAgeMeNT Of CATABOLIC PAThWAyS
For extended periods of time, bacteria in oral biofilms exist only on the nutrients derived from salivary molecules, and the remains of dead bacteria and sloughed epithelial cells. Organisms like S. mutans depend on carbohydrates to generate ATP, so a major contributor to the ability of cariogenic organisms to survive is the PTS. The PTS is a high-affinity/multi-substrate enzyme complex (Fig. 2) that internalizes a variety of monoand disaccharides, operating when sugars are present in concentrations as low as 10 µM. Recently, the importance of the PTS and other systems that play roles in genetic and biochemical regulation of carbohydrate catabolism in S. mutans has been highlighted. Biofilm maturation, regulation of acid tolerance, global control of gene expression, and regulation of catabolic systems are all under the influence of a subset of sugar permeases of the PTS (Abranches et al., 2003 (Abranches et al., , 2006 Zeng et al., 2006) . For example, we have shown that the Enzyme II for mannose (EII man ) affects the expression of over 60 genes and modulates catabolite repression, which is characterized by down-regulation of genes for utilization of a non-preferred energy source when a preferred source is present (Abranches et al., 2006) . We have also shown that at least three additional sugar permeases modulate the expression of genes for catabolism of inulin, an extracellular storage compound produced from sucrose by multiple oral bacteria (Wen et al., 2001; Zeng et al., 2006) .
An interesting example of the evolution of control of catabolic pathways in S. mutans is the production of tetra-and penta-phosphorylated guanine nucleotides (p)ppGpp, which function as intracellular stress signal molecules. (p)ppGpp accumulate during amino acid starvation (Cashel and Rudd, 1987) and trigger a "stringent response", which is characterized by the down-regulation of genes for ribosomal RNAs and certain anabolic processes, and up-regulation of genes that allow for synthesis of essential nutrients and stress tolerance. Recently, it was shown that other Gram-positive bacteria, including Bacillus subtilis and Staphylococcus aureus, had a single (p)ppGpp synthase/hydrolase enzyme, RelA, but S. mutans possesses RelA and two additional gene products that can make (p)ppGpp (Lemos et al., 2007) . Notably, one of the (p)ppGpp synthases is co-transcribed with, and regulated by, a two-component signal transduction system (TCS). TCSs are widely disseminated in bacteria and regulate gene expression by relaying external signals to the transcriptional machinery (Lemos et al., 2007) . Why this finding is particularly important is that it shows that S. mutans is up-regulating (p)ppGpp synthesis, which would in turn down-regulate growth and shift metabolism to storage and survival (Nascimento et al., 2008) , in response to exogenous signals. In fact, cells lacking RelP or the RelRS TCS grow faster and to a higher density in culture (Lemos et al., 2007) . We believe that the RelPRS system is germane to the survival and persistence of S. mutans in the mouth, because bacteria have to balance growth against acquiring sufficient storage compounds during dietary intake by the host to remain competitive during fasting periods. The RelRS TCS and novel (p)ppGpp synthases represent attractive potential targets to upset gene regulation in S. mutans in a way that should reduce competitive fitness.
ReguLATION Of geNe exPReSSION AND CeLL-SuRfACe COMPOSITION By OxygeN
Bacteria on a freshly cleaned tooth surface are exposed to concentrations of oxygen close to that of air-saturated water (Marquis, 1995) . The redox potential of early dental biofilms is high, approximately +300 mV, and drops significantly as plaque matures to values of -140 mV and below (Mettraux et al., 1984) . Although molecular oxygen (O 2 ) is not directly toxic to bacteria, chemically and enzymatically mediated single-electron reductions of oxygen produce reactive oxygen species (ROS) that create problems for bacteria lacking sufficient quantities of the enzymes used to detoxify ROS, e.g., superoxide dismutase and peroxidases (Marquis, 1995) . A major effort has been invested in dissecting how eubacteria cope with oxygen, although relatively little work has been done specifically with oral streptococci (Marquis, 1995) . Recently, we began to explore how growth in the presence of air affects S. mutans. We discovered that the presence of oxygen, at levels that do not inhibit the growth of the bacteria, is strongly inhibitory to the formation of biofilms . The underlying molecular basis for this behavior appears to involve changes in the transcriptome of the organisms when oxygen is present, coupled with post-transcriptional modification of the surface of the bacterial cell in a way that alters known virulence properties of the organisms . Importantly, we have identified several pathways in S. mutans that are responsible for modulating the genetic and phenotypic properties of the cells in response to growth in the presence of air. One is a two-component system (TCS) that appears to regulate gene expression in response to redox. The Vic TCS is integral to the formation of biofilms, expression of virulence attributes, and modulation of acid tolerance (Senadheera et al., 2005; . The Vic TCS modulates the maturation of an important autolysin, known as AtlA, which is a surface-associated protein that is required for biofilm formation by S. mutans (Brown et al., 2005) . Loss of AtlA dramatically affects the ability of the cells to generate a normal cell surface, as does growth in the presence of oxygen, affecting hydrophobicity and altering GTF localization . Thus, there is a complex regulatory network in S. mutans for dealing with oxygen that may be targeted to diminish establishment or virulence. A diagram of the bacterial sugar:phosphotransferase system (PTS). Phosphoenolpyruvate (PEP) provided by glycolysis is cleaved by Enzyme I (EI), and the phosphate group is transferred to the general phospho-carrier protein HPr, which in turn acts as a phosphate donor to a variety of membrane-bound Enzyme II (EII) complexes that concomitantly phosphorylate and internalize a spectrum of mono-and disaccharides. Specific EII enzymes, HPr and EI, can also be involved in regulation of gene expression and enzyme activity through direct interaction with other proteins or by phospho-relay.
CONCLuSIONS
For many years, researchers focused on specific virulence attributes of S. mutans with the idea that highly targeted therapeutics that disrupted adherence or persistence of this pathogen would be the most effective way to control caries. Detailed studies of the genetic regulatory pathways that control the expression of genes contributing to the virulence of S. mutans were often viewed as laboratory exercises that were of interest to a handful of molecular biologists, but not particularly useful for the design of novel anti-caries strategies. Over the last few years, since the genomes of S. mutans and many related bacteria have become available, and technologies like whole genome profiling have become commonplace in oral microbial pathogenesis studies, evidence has accumulated that supports that a re-examination of how to approach control of cariogenic biofilms or to stabilize "healthy" biofilms is needed. We suggest that directing therapies at regulatory pathways used by S. mutans to coordinate gene expression in a way that allows the organisms (i) to sequence biofilm maturation properly, (ii) to balance growth at the expense of ensuring persistence and survival, and (iii) to cope with environmental stresses are likely to be the most broadly effective at controlling the biofilm-forming, aciduric species associated with caries development.
